Joint User Identification and Channel Estimation Over Rician Fading
  Channels by Wu, Liang et al.
ar
X
iv
:2
00
4.
05
77
2v
1 
 [c
s.I
T]
  1
3 A
pr
 20
20
1
Joint User Identification and Channel Estimation
Over Rician Fading Channels
Liang Wu, Member, IEEE, Zaichen Zhang, Senior Member, IEEE, Jian Dang, Member, IEEE, Yongpeng Wu,
Senior Member, IEEE, Huaping Liu, Senior Member, IEEE, and Jiangzhou Wang, Fellow, IEEE
Abstract—This paper considers crowded massive multiple
input multiple output (MIMO) communications over a Rician
fading channel, where the number of users is much greater than
the number of available pilot sequences. A joint user identifica-
tion and line-of-sight (LOS) component derivation algorithm is
proposed without requiring a threshold. Based on the derived
LOS component, we design a LOS-only channel estimator and
an updated channel estimator.
Index Terms—Channel estimation, crowded massive multiple
input multiple output (MIMO), Rician fading, user identification.
I. INTRODUCTION
Massive multiple input multiple output (MIMO) is one of
the key technologies in the fifth generation (5G) wireless com-
munications [1]. The advantages of massive MIMO include
high channel capacity, high energy efficiency, robustness to
fast fading, etc. In a massive MIMO system, the base station
(BS) is equipped with a massive number of antennas, and tens
of users can communicate with the BS simultaneously through
spatial division [2]. Recently, crowded massive MIMO com-
munication has been gaining increasing attention [3]–[5]. In
crowded massive MIMO communications, a large number of
users in a limited spatial region attempt to communicate with
the BS equipped with massive antennas. Typical application
scenarios include shopping mall, stadium, or open air festival
[3]. In such systems, the number of users is greater than
the number of available pilot sequences, and it is impossible
to assign a unique orthogonal pilot to each user. Therefore,
random pilot allocation was proposed in [3], [4]. However, this
also causes a critical issue in such massive MIMO systems
- pilot contamination. A strongest-user collision resolution
protocol was proposed in [3] to address the pilot contamination
in massive MIMO systems. In the random-pilot-allocation
scheme, a unique pilot-hopping pattern, which is determined
by the pilots over multiple transmission slots, is assigned to
each user, and the BS identifies the active users via detecting
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Fig. 1. Transmission frame structure for crowded massive MIMO communi-
cations. (One superframe consists of U subframes. There are K users in all,
and G users are active in a specific time slot.)
the pilot-hopping pattern aided by a predefined threshold [4].
If the threshold is not set properly, user identification will not
be accurate. In the performance analysis of [4], perfect user
identification was assumed. Besides, if some of the active users
employ the same pilot sequence in the same transmit slot, pilot
contamination will be severe.
Rayleigh fading channel was considered in [3], [4]. In
Rayleigh fading channels, there is no direct line-of-sight (LOS)
path between a transmitter and a receiver. Rayleigh fading
channel model approximates well for the channel in urban and
macro-cellular environments [6]. In the massive connection
scenario, [7]–[9] modelled the sparsity as the prior distribution
of the channel, and applied an approximate message passing
(AMP) algorithm to detect active users in Rayleigh fading
channels. In open areas and micro-cellular environments, an
LOS component is generally present, and multipath fading is
better modeled as Rician [10]. Commonly encountered Rician
communication scenarios include mm-wave massive MIMO
communications [11], and [12] in open air festival. In this
paper, we consider crowded massive MIMO communications
over Rician fading channels. Each user is assigned a unique
pilot-hopping pattern. A joint user identification and LOS
component derivation algorithm is proposed, and no threshold
is needed to identify the active users. Based on the LOS
component, a LOS-only channel estimator and an updated
channel estimator are derived.
II. SYSTEM MODEL
Consider a single cell scenario, where a BS equipped with
M antennas (M ≫ 1) serves K users (or K devices),
and each user is equipped with one antenna. A crowded
2massive communication scenario is taken into account, where
the number of users K is much greater than the number of
available orthogonal pilot sequences. The goal is to detect
the active users and estimate channel impulse responses for
the uplink transmission. The proposed algorithm is applicable
to both frequency division duplex (FDD) and time division
duplex (TDD) systems.
The uplink transmission structure is shown in Fig. 1, where
one superframe consists of U subframes. There are K users in
all, and G users are active in a specific time slot. The M × 1
channel vector from the j-th user to the BS during the t-th
transmission subframe is [13]
ht,j = gj
√
κj
κj + 1
c¯j︸ ︷︷ ︸
∆
=h¯j
+ gj
√
1
κj + 1
c˜t,j︸ ︷︷ ︸
∆
=h˜t,j
, (1)
where gj is the large scale fading factor from the j-th user to
the BS; κj denotes the Rician factor of the channel from the
j-th user to the BS;
∆
= stands for definition; c˜t,j is related to
the non-LOS (NLOS) component, each element of which is a
complex circularly symmetric Gaussian random variable with
zero mean and unit variance, that is c˜t,j ∼ CN(0, IM ); and
c¯j is related to the LOS component.
When a uniform linear array (ULA) is employed at the BS,
c¯j can be expressed as [14]
c¯j =
√
Mα(θj)
= [1 e−j2pid/λ cos(θj) · · · e−(M−1)j2pid/λ cos(θj)]T ,(2)
where α(·) is the normalized steering vector; θj is the angle of
arrival (AOA) of the LOS component from the j-th user to the
BS; λ is the carrier wavelength; and d is the distance between
the adjacent antennas of the BS. The channel impulse response
ht,j remains the same within one transmission subframe. The
large scale fading coefficient and the LOS component are as-
sumed to be constant (slowly varying) during one transmission
superframe, and the index t is omitted for gj and h¯j .
When the BS is equipped with a uniform planar array
(UPA), which is in the yz-plane with M1 and N1 elements
on the y and z axes, respectively, c¯j can be expressed as [15],
[16]
c¯j =
[
1 . . . ej2pid/λ(m sin(ϕj) sin(θj)+n cos(θj)) (3)
. . . ej2pid/λ((M1−1) sin(ϕj) sin(θj)+(N1−1) cos(θj))
]
,
where ϕj and θj are the azimuth and elevation AOAs of the
LOS component from the j-th user, respectively. The proposed
algorithm is adopted for the case that BS is equipped with a
ULA or a UPA. In the following analysis, it is assumed that
the BS is equipped with a ULA.
The length of the uplink pilot of each transmission sub-
frame is L, and there are L orthogonal pilot sequences
(µ1,µ1, . . . ,µL), that is
µ
H
k µj =
{
L, k = j
0, k 6= j , (4)
where (·)H stands for conjugate transpose, and the size of µj
is L× 1.
Assumed that L ≪ K in the crowded massive MIMO
communication, and users access the BS sporadically. Thus
each user cannot be assigned a unique pilot. In the proposed
algorithm, multiple subframes are employed, and the indexes
of the pilots in different subframes constitute a pilot hopping
sequence. We guarantee that the pilot hopping sequences of
different users are different. The pilots for different users in
different subframes are assigned according to the pilot hopping
sequence.
When the active users transmit pilots in the t-th transmission
subframe, the received signal of the BS is expressed as
Yt,p =
G∑
j=1
ht,j
√
pp,j(µI(t,j))
T
+Wt,p, (5)
where (·)T stands for transpose; I(t, j) ∈ {1, 2, ..., L} is the
index function with respect to the parameters t and j; µI(t,j) ∈
{µ1,µ2, ...,µL} is the pilot sequence employed by the j-th
user in the t-th transmission subframe for channel estimation;
Wt,p is a complex Gaussian noise matrix, each element of
which has a zero mean and variance σ2w; and pp,j is the average
transmit power of the j-th user during the pilot transmission.
When the data is transmitted in the t-th transmission subframe,
the received signal of the BS is given by
Yt,u =
G∑
j=1
ht,j
√
pu,jxt,j +Wt,u, (6)
where xt,j is the signal vector, whose elements are zero
mean and unit variance random variables; pu,j is the average
transmit power of the j-th user during the data transmission
period; and Wt,u is a complex Gaussian noise matrix with
the same statistical properties as Wt,p.
III. PROPOSED USER IDENTIFICATION AND CHANNEL
ESTIMATION SCHEMES
A. The pilot allocation and user identification scheme in [4]
In [4], the BS performs channel estimation in every trans-
mission subframe (called transmission slot in [4]) based on
the candidates of the pilot sequences. In the t-th transmission
subframe, correlating Yt,p with the l-th pilot sequence yields
rt,l = Yt,pµ
∗
l /(L
√
pt)
=
G∑
j=1
(
ht,j
√
ptµ
T
I(t,j)µ
∗
l
)
/(L
√
pt) +Wt,pµ
∗
l /(L
√
pt)
=
G∑
j=1
ht,jδ (I(t, j)− l) +Wt,pµ∗l /(L
√
pt), (7)
where (·)∗ stands for conjugation, δ(·) is the dirac delta
function, and pp,j = pt (j = 1, 2, · · · , G) is assumed.
Each user is assigned a unique pseudorandom pilot-hopping
pattern in [4] and the BS knows the pilot-hopping pattern
of each user in advance. Define at,l = ‖rt,l‖, where ‖·‖
stands for Frobenius norm. With a predefined threshold, the BS
determines the pilot sequence employed in each transmission
subframe, and identifies active users according to the pseudo-
random pilot hopping sequence. However, it is usually difficult
3to define the threshold in practice. Besides, LOS components
were not considered in [4]. In a Rician fading channel, a
LOS component exists between the BS and the user. We
exploit this information and design a joint user identification
and channel estimation algorithm for crowded massive MIMO
communications over Rician fading channels.
B. Proposed algorithm
The BS applies an angle estimation algorithm within one
transmission superframe to derive the LOS AOAs of the active
users. The classic multiple signal classification (MUSIC) or
estimation of signal parameters via rotational invariance tech-
nique (ESPRIT) [17], [18] can be applied for AOA estimation
and the details are not repeated here. The estimated AOAs of
the G active users are ϕ1, ϕ2, . . . , ϕG, respectively, but the BS
does not know which AOA corresponds which particular user.
The steering vectors corresponding to the estimated AOAs are
α(ϕ1),α(ϕ2), . . . ,α(ϕG).
1) Proposed user identification algorithm: The channel
state information (CSI) of active users is contained in rt,l. The
LOS component related to the LOS AOA is a part of CSI. We
project rt,l (t = 1, · · · , U ; l = 1, · · · , L) to the steering vector
α(ϕk) (k = 1, 2, · · · , G) as
β
(k)
t,l = α(ϕk)
H
rt,l. (8)
Define
η
(k)
t = argmax
l
{∣∣∣β(k)t,l ∣∣∣} , (9)
and the pattern of the k-th steering vector as
{η(k)1 , η(k)2 , . . . , η(k)U }.
Theorem 1: If the pattern of the k-th steering vector is the
same as the pilot-hopping pattern of the i-th user, the i-th user
is an active user and its LOS AOA is ϕk .
Proof : Let the pilot-hopping pattern of the i-th user be
{a1,i, a2,i, · · · , aU,i}. When the i-th user is active, r1,a1,i ,
r2,a2,i ,· · · , rU,aU,i contain the LOS component of the i-th
user, which is h¯i = gi
√
κi
κi+1
√
Mα(θi). The component∣∣α(θi)H h¯j∣∣ is maximized only if j is equal to i. The LOS
component h¯i is contained in r1,a1,i , r2,a2,i ,· · · , rU,aU,i . The
pattern of the steering vector α(θi) is {a1,i, a2,i, · · · , aU,i},
which is the same as the pilot-hopping pattern of the i-th user.
Therefore, if the pattern of the steering vector α(ϕk) is the
same as the pilot-hopping pattern of the i-th user, the i-th user
is an active user and its LOS AOA is θi = ϕk.
For example, let us assume the following user and hopping
pattern pairs: user 1 - {1, 2, . . . , 4}; user 4 - {3, 1, . . . , 4};
user 8 - {5, 2, . . . , 1}. The estimated patterns of the steering
vectors α(ϕ1), α(ϕ2), and α(ϕ3) are, respectively, {η(1)1 =
5, η
(1)
2 = 2, · · · , η(1)U = 1}, {η(2)1 = 1, η(2)2 = 2, · · · , η(2)U =
4}, {η(3)1 = 3, η(3)2 = 1, · · · , η(3)U = 4}. Therefore, the BS can
identify the active users, that is, the first user, the fourth user,
and the eighth user are active. The LOS AOAs corresponding
to the first user, the fourth user, and the eighth user are ϕ2,
ϕ3, and ϕ1, respectively.
Note that the proposed algorithm detects active users based
on the steering vectors of the LOS AOAs, which are related
to the LOS components.
2) Proposed LOS-only channel estimation algorithm: Let
lt,j and ϕkj be corresponding to the estimated pilot index in
the t-th transmission subframe and the estimated LOS AOA
of the j-th user, respectively. The average value of β
(kj)
t,lt,j
over
the U transmission subframes is defined as
β¯
(kj)
(j) =
1
U
U∑
t=1
β
(kj)
t,lt,j
. (10)
Based on ϕkj , the LOS component of the j-th user can be
estimated as
ˆ¯
hj = β¯
(kj)
(j) α(ϕkj ). (11)
In the LOS-only channel estimation algorithm, the estimated
channel is hˆt,j =
ˆ¯
hj .
3) Proposed updated channel estimation algorithm: In the
updated channel estimation algorithm, the BS firstly applies
coherent detection based on the estimated LOS component
for each user. Assume that pp,j=pu,j=pt for the uplink
transmission. In the t-th transmission subframe, the detected
data of the j-th user can be expressed as
xˆt,j =
ˆ¯
h
H
jYt,u∣∣∣β¯(kj)(j) ∣∣∣2√pt . (12)
Define the following matrix:


Xt =
[
x
T
t,1 x
T
t,2 · · · xTt,G
]T
Xˆt =
[
xˆ
T
t,1 xˆ
T
t,2 · · · xˆTt,G
]T
H˜t =
[
h˜t,1 h˜t,2 . . . h˜t,G
]
ˆ¯
H =
[
ˆ¯
h(1)
ˆ¯
h(2) . . .
ˆ¯
h(G)
] . (13)
From the estimated data, the BS can derive the NLOS
component. Define
Y˜t,u = Yt,u − ˆ¯H√ptXˆt
=
G∑
i=1
ht,i
√
ptxt,i −
G∑
i=1
ˆ¯
h(i)
√
ptxˆt,i +Wt,u
=
G∑
i=1
(h¯(i) + h˜t,i)
√
ptxt,i −
G∑
i=1
ˆ¯
h(i)
√
ptxˆt,i +Wt,u
κ,M→∞
=
G∑
i=1
h˜t,i
√
ptxt,i +Wt,u, (14)
where the length of xˆt,j employed for channel estimation is
assumed to be τ (G < τ). When the Rician factor κ and M
approach infinity, the estimates of AOA and xt,j will become
very accurate. Therefore, the last equation of (14) holds.
The NLOS components of the channel from the users to the
BS can be estimated by applying minimum mean square error
4(MMSE) algorithm on the derived data. The estimate of the
NLOS components is expressed as
ˆ˜
Ht = Y˜t,u
(√
ptXˆt
)H(
ptXˆt
(
Xˆt
)H
+σ2wR
−1
v
)
−1
= H˜t
√
ptXˆt
(√
ptXˆt
)H(
ptXˆt
(
Xˆt
)H
+σ2wR
−1
v
)
−1
+Wt,u
(√
ptXˆt
)H(
ptXˆt
(
Xˆt
)H
+σ2wR
−1
v
)
−1
=
[
h˜t,1 h˜t,2 . . . h˜t,G
]
+ E˜t, (15)
where
ˆ˜
Ht =
[
ˆ˜
ht,1
ˆ˜
ht,2 . . .
ˆ˜
ht,G
]
is the estimate
of H˜t, the matrix Rv = E
[
vt,iv
H
t,i
]
is related to the
statistical properties of the channel and is irrelevant to
the index i, vt,i =
[ (
h˜t,1
)
i
(
h˜t,2
)
i
. . .
(
h˜t,G
)
i
]T
,(
h˜t,j
)
i
stands for the i-th component of h˜t,j , and E˜t =[
et,1 et,2 · · · et,G
]
is the error matrix. Eq. (15) shows
that the estimation accuracy depends on the accuracy of the
estimated data xˆt,j . The updated channel estimate of the j-th
user is expressed as
hˆt,j =
ˆ¯
hj+
ˆ˜
ht,j . (16)
The channels of other active users are estimated with the same
method in the BS.
The proposed algorithm for the user identification and chan-
nel estimation (including the LOS-only channel estimation
and the updated channel estimation) depends on the LOS
component. Therefore, the proposed algorithm is applicable to
the channel with a LOS component, for example, Rician fading
channel. It has a good performance when the LOS component
dominates the channel. When applied to a channel without
a LOS component, for example Rayleigh fading channel, the
performance of the proposed algorithm will be worse.
C. Complexity analysis
The complexity of the proposed scheme mainly comes
from the AOA estimation and maximum matching process.
The computational complexities of MUSIC AOA estimation
is O(M3+(M +1)(M −G)r) (r is the resolution) [18]. The
maximum matching process complexity is O(UGLM). The
computational complexity of the proposed user identification
algorithm is O(M3 + (M + 1)(M −G)r + UGLM).
The computational complexities of the proposed scheme, the
random access protocol [4] [5], and the AMP based scheme
[7] are compared in Table I. It can be seen from Table I that
the random access protocol [4] has the lowest complexity.
The complexity of the proposed scheme is lower than that
of the AMP based scheme, when the number of users K or
the number of iterations in the AMP based scheme is big.
TABLE I
COMPLEXITY COMPARISON
Scheme Complexity
Proposed scheme O(M3 + (M + 1)(M −
G)r + UGLM)
Random access protocol [4] [5] O(ULM)
AMP based scheme per iteration [7] O(KLM)
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Fig. 2. Identification accuracy of different schemes in different channel
conditions.
IV. SIMULATION RESULTS
In this section, we show the simulation results to validate
the proposed scheme. There are a total of K = 250 users, and
G users are active in each transmission superframe. Every co-
herent block consists of Tc = 200 samples, and the pilot length
is L (L≪ K). One transmission superframe consists of four
transmission subframes, that is, one pilot-pattern codeword is
transmitted over four continuous transmission subframes. The
maximum number of supported users is L4. The large-scale
fading coefficients are normalized and uniformly distributed
over [0.1, 1]. The BS is equipped with a ULA, and the spacing
between two adjacent antennas is d = λ/2. It is assumed that
all users have LOS components, and the LOS AOAs of the
users are uniformly distributed over [0, pi].
Signal-to-noise ratio (SNR) is defined as SNR = pt/σ
2
w,
pp,j = pu,j = pt, and κj = κ (j = 1, 2, · · · , G). The user
identification performances of different schemes are plotted in
Fig. 2, where M = 100, L = 32, and G = 10. Fig. 2 shows
that as the Rician factor decreases, the identification accuracy
of the proposed scheme decreases, because the proposed
scheme is based on the LOS component.
Compared with the user identification scheme in [4], which
does not exploit the information of the LOS components, the
performance of the proposed scheme is improved significantly.
The proposed user identification algorithm achieves better
performance than the AMP based algorithm [7], [8], where
the number of iterations should be greater than 3 to achieve
convergence and it is set equal to 5.
Fig. 3 shows the user identification performance of the
proposed scheme with the perfect AOAs and the estimated
AOAs in different settings. Compared with the case that
assumes perfect AOAs, the accuracy is slightly degraded with
estimated AOAs. As the number of BS antennas increases
from 100 to 200, the performance gap between the case that
assumes estimated AOA and the case that assumes perfect
AOA increases, which means that the AOA estimation error
has a higher impact as the number of BS antennas increases.
The normalized mean square error (NMSE) is used to
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Fig. 3. Identification accuracy of the proposed algorithm in different settings.
(a) M = 100, L = 16, G = 20; (b)M = 200, L = 16, G = 20.
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Fig. 4. Channel estimation performance of different schemes.
evaluate the performance of the proposed channel estimation
schemes, and it is defined as
NMSEt,j =
∥∥∥hˆt,j − ht,j∥∥∥2
‖ht,j‖2
. (17)
Fig. 4 shows the NMSE of estimated channel of different
schemes, when G = 10, M = 100, and L = 32. The results
reveal that the NMSE of the LOS-only channel estimation
scheme is less affected by the SNR, as the estimated channel
of this scheme depends only on the LOS component. In the up-
dated channel estimation scheme, 4-ary quadrature amplitude
modulation (QAM) is employed during the data transmission,
and τ = 60. The NMSE performance of the updated scheme is
better than the LOS-only based scheme, when SNR is greater
than −10dB. It is also observed that as the Rician factor κ
decreases, the channel estimation performance of the proposed
algorithms decreases. To maintain an acceptable NMSE value,
the Rician factor κ cannot be arbitrarily small.
The performance of scheme in [4] is plotted in Fig. 4 for
comparison. It can be seen from Fig. 4 that the proposed
scheme achieves a better channel estimation performance than
the scheme in [4]. The performance of the AMP based scheme
[7], [8] is also added in Fig. 4. The performance of the
proposed updated scheme is better than that of the AMP based
scheme. Both the scheme in [4] and the AMP based scheme
are less affected by the Rician factor.
V. CONCLUSION
By making use the AOA information, we have proposed
a joint user identification and LOS component derivation
algorithm, which does not need a threshold that is difficult
to obtain in practice, and the identification accuracy is im-
proved significantly. A LOS-only channel estimator and an
updated channel estimator have been proposed based on the
derived LOS component. The proposed scheme achieves better
performance than reference schemes.
REFERENCES
[1] E. Larsson, O. Edfors, F. Tufvesson, and T. Marzetta, “Massive MIMO
for next generation wireless systems,” IEEE Commun. Mag., vol. 52, no.
2, pp. 186-195, Feb. 2014.
[2] P. Zhao, Z. Wang, C. Qian, L. Dai, and S. Chen, “Location-aware pilot
assignment for massive MIMO systems in heterogeneous networks,” IEEE
Trans. Veh. Technol., vol. 65, no. 8, pp. 6815-6821, Aug. 2016.
[3] E. Bjornson, E. Carvalho, E. G. Larsson, and P. Popovski, “A random
access protocol for pilot allocation in crowded massive MIMO systems,”
IEEE Trans. Wireless Commun., vol. 16, no. 4, pp. 2220-2234, Mar. 2017.
[4] E. Carvalho, E. Bjornson, J. Sorensen, E. Larsson, and P. Popovski,
“Random pilot and data access in massive MIMO for machine-type
communications,” IEEE Trans. Wireless Commun., vol. 16, no. 12, pp.
7703-7717, Dec. 2017.
[5] J. C. Marinello, T. Abrao, “Collision resolution protocol via soft decision
retransmission criterion,” IEEE Trans. Veh. Technol., vol. 68, no. 4, pp.
4094-4097, Feb. 2019.
[6] B. Hashem and E. S. Sousa, “On the capacity of cellular DS/CDMA
systems under slow Rician/Rayleigh-fading channels,” IEEE Trans. Veh.
Technol., vol. 49, no. 5, pp. 1752-1759, Sept. 2000.
[7] L. Liu and W. Yu, “Massive connectivity with massive MIMO-Part I:
Device activity detection and channel estimation,” IEEE Trans. Signal
Process., vol. 66, no. 11, pp. 2933-2946, Jun. 2018.
[8] K. Senel and E. G. Larsson, “Grant-free massive MTC-enabled massive
MIMO: A compressive sensing approach,” IEEE Trans. Commun., vol.
66, no. 12, pp. 6164-6175, Dec. 2018.
[9] C. Wei, H. Liu, Z. Zhang, J. Dang and L. Wu, “Approximate message
passing-based joint user activity and data detection for NOMA,” IEEE
Commun. Lett., vol. 21, no. 3, pp. 640-643, Mar. 2017.
[10] M. Zorzi, “Power control and diversity in mobile radio cellular systems
in the presence of Rician fading and log-normal shadowing,” IEEE Trans.
Veh. Technol., vol. 45, pp. 373-382, May 1996.
[11] A. M. Sayeed and N. Behdad, “Continuous aperture phased MIMO:
a new architecture for optimum line-of-sight links,” in Proc. IEEE Int.
Symp. Ant. Propag. (APS), July 2011, pp. 293-296.
[12] S.N. Jin, D. W. Yue, and H. H. Nguyen, “Equal-gain transmission in
massive MIMO systems under Ricean fading,” IEEE Trans. Veh. Technol.,
vol. 67, no. 10, pp. 9656-9668, Oct. 2018.
[13] S. Jin, X. Gao, and X. You, “On the ergodic capacity of rank-1 Ricean
fading MIMO channels,” IEEE Trans. Inf. Theory, vol. 53, no. 2, pp.
502-517, Feb. 2007.
[14] D. Tse and P. Viswanath, Fundamentals of Wireless Communication.
Cambridge University Press, 2005.
[15] C. Balanis, Antenna Theory. Wiley Press, 1997.
[16] O. El Ayach, S. Rajagopal, S. Abu-Surra, Z. Pi, and R. W. Heath,
Jr.,“Spatially sparse precoding in millimeter wave MIMO systems,” IEEE
Trans. Wireless Commun., vol. 13, no. 3, pp. 1499-1513, Jan. 2014.
[17] A. J. Barabell, J. Capon, D. F. Delong, J. R. Johnson, and K. Senne, “Per-
formance comparison of superresolution array processing algorithms,”
Tech. Rep. TST-72, Lincoln Lab., M.I.T., 1984.
[18] R. Roy, and T. Kailath, “ESPRIT-estimation of signal parameters via
rotational invariance techniques,” IEEE Trans. Acoust. Speech and Signal
Process., vol. 37, no. 7, pp. 984-995, Jul. 1989.
